Today, demand exists for cost-effective production of industrially important enzymes from entire scientific sectors. By keeping in mind the extensive industrial applications of cellulase, this study was performed to immobilize the indigenous enzyme produced from Trichoderma viride under pre-optimized SSF of an agricultural waste material, wheat straw. To enhance the bio-catalytic and tolerance properties of the present enzyme gel matrix immobilization engineering was applied. Previously, 2.33-fold purified novel cellulase was immobilized in to a xerogel matrix of TMOS and PTMS. FTIR spectroscopy confirmed the successful immobilization of cellulase. The free and immobilized cellulase was characterized and stability profile showed that after 24 h incubation, immobilization enhanced the thermo-stability up to 75% against 80˚C as compare to the free enzyme. Xerogel matrix immobilization enhanced the catalytic efficiency of entrapped enzyme than that of the free cellulase. Among activators/inhibitors SDS, EDTA, and Hg 2+ showed inhibitory effect while, gel matrix immobilization enhanced 80% tolerance capacity of the cellulase against inactivating agents.
INTRODUCTION
The major bottle neck against comprehensive application of cellulases in industry is the high cost of the enzyme production. Currently, most commercial cellulases (including β-glucosidase) are produced by Trichoderma and Aspergillus species [1] . Cellulases are widely used in the textile industry for denim finishing; in the detergent market for color care and anti-deposition; in the food industry for mashing and in the pulp and paper industries for de-inking and fiber modification [1] [2] [3] [4] .
Cellulose degrading enzymes system is a complex of three enzymes that exhibit higher collective activity and degrade cellulose into glucose and other commodities by the phenomenon known as synergism [5] . The cellulase complex is comprised of three major components: cellualase (CMCases) or Endo-β-glucanase (EC 3.2.1.4), Exo-β-glucanase (EC 3.2.1.91) and β-glucosidase (EC 3.2.1.21) [1, 6] . A variety of micro-organisms including Trichoderma, Aspergillus, Penicillium, and Fusarium have ability to produce enzymes like cellulases and hemicellulases under suitable growth conditions to hydrolyze insoluble polysaccharides to soluble oligomers, and subsequently to monomers [6, 7] .
From the last several years, enzyme immobilization has revolutionized the field of enzyme biotechnology. Several authors have been reported various immobilization methods including chemical engineering modification, mutation, gel entrapment and surface binding [8] [9] [10] [11] . Among them, gel entrapment is preferred over others as this method is easier and cheaper and the structure of the enzyme remains secure. Moreover, xerogel polymers are nontoxic and do not swell in aqueous or organic solvents, preventing the leaching of the entrapped enzyme that allow the enzymes to maintain their native structure [8] .
With respect to the factors affecting culture conditions, productivity and properties of cellulase, it was considered of significance to characterize this enzyme through kinetic studies including immobilization by studying the effect of varying pH, temperature and activators/inhibittors to explore that factors. In previous studies [1, 6] , we have successfully investigated the cellulase synthesis potential of indigenous fungal strain T. viride under SSF based on lignocellulosic substrate. In this paper we aimed to immobilize using xerogel matrix and further characterize the previously successfully purified cellulase from T. viride to investigate the factors affecting the activity and stability of the enzyme to present potential and possible application for industrial and biotechno-logical purposes.
MATERIALS AND METHODS

Cellulase Production and Activity Estimation
Physical and nutritional growth conditions have been successfully optimized previously to produce substantial amount of cellulase during SSF of wheat straw [1, 6] and follow in the present study. Cellulase activity of the previously purified active fraction was determined using a UV/Visible spectrophotometer as described earlier [1, 6] .
Immobilization of Cellulase
TMOS and PTMS were used in molar ratios of 1:1 to prepare gel for cellulase entrapment into a gel matrix. Five different purified active fractions contained 2 -10 mg/mL cellulase were suspended in de-ionized water and centrifuged at 3000 g for 10 min. The supernatant fluid from each fraction was added to a mixture contained aqueous sodium fluoride, polyvinyl alcohol and water followed by the addition of PTMS and TMOS respectively. The reaction mixture was shaken on a vortex mixer and placed in an ice bath until gelation occurred.
At the end activity of gel entrapped cellulase was determined, as described in the previous section.
Characterization of Free and Immobilized Cellulase
Immobilization Confirmation
The FTIR spectra of the free and xerogel matrix immobilized cellulase were obtained by FTIR spectrometry. FTIR spectrum was recorded using a tablet form of thoroughly mixed mixture of 0.1 g KBr with 0.1 g xerogel matrix.
Effect of pH & Temperature on Cellulase Activity and Stability
The purified cellulase was subjected to characterization through kinetic studies by studying the effect of different pH (2 -10) and temperature (20˚C -80˚C) on free and immobilized enzyme. To investigate the effect of pH and temperature the free and immobilized enzyme was incubated for up to 24 h in the absence of substrate and residual activity of free enzyme was checked in comparison to the immobilized enzyme.
Determination of K m and V max
The Michalis-Menten kinetic constants K m and V max for cellulase were calculated from Lineweaver-Burk plot (created with Microsoft Excel Windows 7 via non linear curve fitting method) with varying concentrations (100 -1000 µM) of carboxymethyl cellulose as substrate.
Effect of Activators/Inhibitors
For the first time effect of various compounds and metal ions (SDS, EDTA, Hg 2+ , Co 2+ and Mn 2+ ) as possible activators or inhibitors on the free and immobilized enzyme was studied. The enzyme activities for each case were determined under standard assay conditions as described earlier.
RESULTS AND DISCUSSION
Source of Cellulase
Cellulase produced by T. viride during SSF of wheat straw under pre-optimized growth conditions has been successfully purified and reported earlier [1, 6] . Under pre-optimized conditions, T. viride produced 398 ± 2.43 U/mL of cellulase that was 2.33-fold purified by Sephadex G-100 gel filtration chromatographic technique with specific activity of 105 U/mg [1] . The previously purified novel cellulase was used in the present study based on the immobilization and characterization to enhance its bio-catalytic and tolerance properties.
Immobilization of Cellulase
The activity assay profile showed that the specific activity of gel immobilized cellulase was higher as compared to free enzyme and the results obtained are summarized in Table 1 . The fraction contained 2 mg/mL enzyme concentration showed maximum immobilization efficiency (89.8%) and it was observed that the immobilization efficiency decreased up to the 49.2% with the increasing concentration of enzyme. In addition, the results obtained during the present immobilization study using xerogel matrix entrapment method are in the range of those attained by other immobilization methods such as the covalent bonding of the enzyme on to the siliceous cellular foams, sepabeads and Iron oxide MNPs [12] [13] [14] .
Characterization of Free and Immobilized Cellulase
Immobilization Confirmation
The entrapment of cellulase into the gel matrix was confirmed by FTIR spectrometry. Figure 1 illustrated a typical FTIR spectra for free cellulase, and xerogel matrix immobilized cellulase. The characteristic bands of proteins at 1535 and 1562 cm −1 in the spectra of free and gel entrapped cellulase respectively indicates that cellulase was successfully present in the samples, confirming the immobilization of cellulase into the gel matrix of TMOS and PTMS. In an earlier study, Khoshnevisan et al. [10] also successfully used the FTIR spectrometry to confirm the binding of cellulase onto MNPs. In the same study Khoshnevisan et al. [10] reported characteristic bands of proteins at 1624, a d 1408 cm −1 , and 1624 and n 1552 cm −1 in the spectra of cellulase, and Fe 3 O 4 -cellulase respectively that well supported our study and prove the precise FTIR spectra of present investigation.
Effect of pH & Temperature on Cellulase
Activity and Stability The pH-activity profile showed that free cellulase was optimally active at pH 8 whereas, immobilization slightly shift pH optima towards acidic i.e. 6. This phenomenon was also reported by Erdemir et al. [15] , who observed a slight pH shift during lipase immobilization. Results of stability profile showed that free cellulase was only stable for 1 h in a pH range of 7.0 to 9.0 while, gel entrapment enhanced its stability up to 78% for 24 h that was much more than the free enzyme (Figures 2(a) and  (b) ). The purified cellulase was optimally active at 55˚C and further increase in temperature cause decrease in activity. Free cellulase was only 15% active at 80˚C while immobilize cellulase showed better thermo-stability and retained 75% original activity at 80˚C after 24 h incubation (Figures 3(a) and (b) ). For a variety of industrial applications relatively high-thermo stability of an enzyme is an attractive and desirable characteristic [1, 16] . Most of the earlier reported cellulases were found to lose their activities at temperatures around 60˚C or higher [10, 12] . Cellulase produced from Cryptococcus sp. S-2 was optimally active in the range of 40˚C -50˚C [17], whereas from Aspergillus niger and Mucor circinelloides was most active and stable at 55˚C [16, 18] .
Determination of K m and V max
Results obtained were plotted as activity against the concentration of substrate using Lineweaver-Burk double reciprocal plot. Immobilization enhanced the catalytic efficiency of the entrapped cellulase by lowering its K m value in comparison to the free enzyme (Figure 4) . The lower value of K m (62 µM) for immobilized enzyme indicates that immobilization enhance the bio-catalytic .90 mg/mL) [19] and Trichoderma reesei (1.1 mM) [20] . This slight difference in Km value of the presently investigated cellulase from Trichoderma viride and other reported fungal species may be due to the genetic variability among different species. 
Effect of Activators/Inhibitors
For the first time to investigate the effect of various compounds and metal ions as possible activators/inhibitors on the free and gel matrix immobilized cellulase was studied. Residual activity profile showed that free enzyme was completely inhibited by SDS and EDTA. Among the metal ions tested only Hg 2+ caused complete enzyme inhibition whereas, cellulase retained 100% activity in the presence of Co 2+ and Mn 2+ ( Figure 5 ). The gel entrapment was observed to present a noteworthy tolerance than the free enzyme against inactivation by SDS, EDTA, Hg 2+ (residual activity of immobilized enzyme was increased from 18% to 80% for SDS, from 9% to 45% for EDTA and from 13% to 56% for Hg 2+ ). EDTA is a metal chelating agent that has ability to form complex with inorganic groups of enzymes and therefore inhibitory effect was found [21] and Ni 2+ into the enzyme production medium does not cause any alteration in the activity and under lower concentrations increased the enzymes activity [18, 22] .
CONCLUSION
In conclusion, the presently investigated indigenous strain T. viride showed incredible potential for cellulase synthesis in SSF of wheat straw in high titters (398 ± 2.43 U/mL) than other reported fungal species. Catalytic efficiency and extra thermo-stability of cellulase makes it a resourceful enzyme for various industrial and biotechnological applications. In this article, and for the first time, the effect of xerogel immobilization on the stability of the T. viride cellulase in the presence of different activators/inhibitors has been reported.
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